Natural gas is the primary fuel for stationary, powergeneration gas turbines, and it is necessary to understand its combustion characteristics under engine-relevant (turbulent) conditions. Since its composition varies depending on the fuel source, a natural gas surrogate (NG 18% C2+) and admixtures with H2 have been utilized recently by the authors to aid chemical kinetics modeling using ignition delay times and laminar flame speed experiments. The present study focused on measuring turbulent flame speeds (displacement speeds) of natural gas (NG2) and methane with H2 using a fan-stirred flame bomb. The apparatus is a closed, cylindrical chamber fitted with four radial impellers that generate a central spherical volume of homogeneous and isotropic turbulence with negligible mean flow. Schlieren imaging was used to visually track the growth of the spherically expanding turbulent kernels during the constant-pressure period. The turbulence levels were fixed at an average RMS intensity level of 1.5 m/s and at an integral length scale of 27 mm. Turbulent flame speeds (ST,0.1) of NG2 blends were measured over a wide range of equivalence ratios between 0.7 and 1.3. ST,0.1 for the natural gas surrogate closely matched with those of methane for nearstoichiometric mixtures. However, preferential-diffusion effects (fuel effects) were observed under turbulent conditions for offstoichiometric cases. The effects of hydrogen addition on the turbulent flame speeds of NG2 (25/75 and 50/50 (by volume) blends of H2/NG2) were also investigated and were compared with the flame speeds reported in a recent paper by the authors (ASME GT2014-26742) on the effects of hydrogen addition to turbulent flame speeds of methane. The effect of the hydrogen addition was to increase the turbulent flame speed (by about a factor of two for 50% H2 addition), although this effect was much more pronounced for the lean and stoichiometric mixtures. Interestingly, the flame speeds (both laminar and turbulent) of the CH4 blends with H2 were slightly larger than those for the NG2 blend at equivalent conditions, or about 10-20% larger at 50% H2 addition. This behavior can be explained kinetically by the increased importance of the inhibiting reaction CH3 + H (+M) ↔ CH4 (+M), where ethane oxidation produces more CH3 radicals than methane at similar conditions.
INTRODUCTION
Interest in co-firing of natural gas with hydrogen is increasing in the power-generation gas-turbine industry. Load and fuel flexibility will become main drivers for the development of new plants. Concepts for the storage of excess energy include H2 production at times of low energy prices and H2 combustion or co-firing with natural gas at economically rewarding times ("Power to Gas"). Since the combustion properties of H2-containing gases change the fuel blend combustion properties, the operation of the gas turbine is also changing. This modification of the fuel properties offers new possibilities of low-load operation and therefore increases the feasible load profile of the GT.
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Such hybrid mixtures are attractive in terms of the powerdensity delivered by the fuel as well as in a change of fuel reactivity [1] . The extension of combustor operating regimes to fuel-lean conditions that are typically outside the flammability limits of alkanes is possible. These factors provide the motivation to study the effects of blending a natural gas surrogate with hydrogen under engine-relevant conditions (turbulent) in a fanstirred flame bomb at the authors' laboratory.
Spherically expanding flames are identified as one of the canonical geometries for laminar flame speed measurements. In such an apparatus, a spherical flame is initiated in a pre-mixture of fuel and air at a well-defined composition. The combustion event is visualized using schlieren photography. A spherical flame expands outwards, and it can be shown through a kinematic balance that the displacement rate of the flame radius (dr/dt) is proportional to the burning velocity of the fuel [2] . This flame speed thus obtained provides an entrainment velocity or a rate at which a flame propagates into a reactive mixture, and is called the displacement speed. Another characteristic velocity which corresponds to the rate of production of burnt gases can also be measured from the pressure trace of the combustion process and is called the consumption speed or the mass burning rate [3] . The two quantities differ due to streamline divergence and flame curvature, and are equal for planar flames (stretch-free flames) [4] . The two definitions can be extended to statistically spherical turbulent kernels. For the turbulent case, however, the flame is substantially thicker and propagates as a brush. Different mean flame surfaces can be identified within the flame brush based on the diagnostic technique used. Schlieren imaging provides the turbulent displacement speed and statistically coincides with a flame surface having a reaction progress variable value close to 0.1 (〈 〉 ≈ 0.1) (a mean flame surface closer to the unburnt gas) [4] . In recent works (mentioned below), the authors have compared their measurements using this reaction progress variable approach with results available in the literature, even those with different measurement techniques. The details of such validation are intended to be part of a different paper but can be found in the thesis of Ravi (2014) . Good agreement was obtained. No effort has been done on the characterization of the transient behavior of the progress variable.
Measured herein are turbulent displacement speeds of natural gas and hydrogen blends over a wide range of equivalence ratios and at two different blending ratios (H2% in the fuel blend by volume), and the paper is organized as follows. First, a description of the experimental apparatus is provided, and the flow field characteristics are summarized. The post processing procedure used to determine the turbulent displacement speed is then explained. Since the composition of natural gas varies depending on the fuel source, a natural gas surrogate (NG2: 81.25% CH4 + 10% C2H6 + 5% C3H8 + 2.5% C4H10 + 1.25% n-C5H12) has been utilized recently by the authors to aid the development of a hierarchical chemical kinetics mechanism using ignition delay time data and laminar flame speed measurements [5] . The present study focuses on systematically compiling a database of turbulent flame speeds of NG2. Subsequently, turbulent flame speeds of NG2 are first compared with those of pure methane. Finally, the effects of hydrogen addition on the turbulent displacement speeds of methane and NG2 are analyzed.
APPARATUS DESCRIPTION AND FLOW FIELD CHARACTERISTICS
The existing laminar flame bomb is a thick-walled cylinder made of aircraft-grade aluminum with an internal diameter of 305 mm and an internal length of 355 mm [6] . Optical-quality quartz windows at the two ends of the vessel enable visual tracking of the expanding flame up to a maximum diameter of 127 mm under constant-pressure conditions (< 2% pressurerise). The spark-ignited flame is imaged using a Z-type schlieren setup used in combination with a high-speed camera. The temperature inside the vessel is monitored using a k-type thermocouple, and typical initial temperatures are 296 ± 3 K.
Four fans are installed symmetrically around the central circumference of the vessel to generate turbulence during the experiment. The fans are radial impellers with three backwardcurved blades which direct the flow towards the vessel wall. They are made of aluminum with an outer diameter of 76.2 mm and a blade pitch angle of 20°. These fans are fitted on steel shafts that are polished to an extremely fine surface finish. The impeller assembly is finely balanced to withstand high rotational speeds of the motor-shaft. Shaft sealing is provided by means of PTFE lip seals. High-speed bearings for the shafts are stacked inside cartridge housings that are directly mounted onto the vessel. Each fan is turned by a 2.25-HP router motor whose rotational speeds can be varied between 8,000 and 24,000 rpm. The impeller shafts are connected to the motor shafts by means of flexible couplings which can compensate for minor shaft misalignments. Figure 1 shows the photograph of the experimental apparatus. The turbulence was characterized with particle image velocimetry [7] . An average RMS turbulent intensity, u′ = 1.5 m/s with negligible mean flow (< 0.1 u′), was measured at the lowest fan speeds with an integral length scale of 27 mm. Additionally, the turbulent flow field exhibited two features: (1) homogeneity or spatial uniformity; and, (2) isotropy or directional equality of the velocity components in the two orthogonal directions at the center of the vessel. Both the homogeneity and isotropy ratios varied between 0.9 and 1.1 (ideal value being 1), thus providing stationary (no mean flow) and uniform perturbations (also called homogeneous and isotropic turbulence, HIT) during flame growth. The measurements herein were conducted at a fixed fan speed, and the relevant turbulent statistics attained in the fan-stirred bomb are summarized in Table 1 . All values in Table 1 were obtained from the characterization measurements of Ravi et al. [7] . Also, the integral length scale was independently computed by integrating the two point correlations, and the resulting value agreed with the results in Table 1 .
POST PROCESSING PROCEDURE
Turbulent flame speed experiments follow the same basic procedure as the laminar flame speed experiment. A Z-type schlieren technique is used for optical diagnostics, and the setup is described in detail in Krejci et al. [8] . All test mixtures are filled into the vessel using the method of partial pressures, and are allowed to homogenize for at least 30 minutes. The fans are activated prior to ignition, and the images are recorded upon ignition using the high-speed camera. The camera operated between 8,000 and 18,000 frames per second, to keep a roughly comparable amount of images among the mixtures tested. 
Integral Scales
Turbulent Intensity, u′ (cm/s) 150
Integral Length Scale, LT (mm) 27
Integral Time Scale, τ ϵ (ms) 55
Taylor Microscales
Taylor Length scale,
Taylor Reynolds Number (in air), Re λ 277
Kolmogorov Scales
Length scale, τ k (mm) 0.5
Time Scale, η(ms) 0.1
Sample images from a typical turbulent flame speed experiment are shown in Fig. 2 . The images are analyzed using a MATLAB-based code that was developed in-house. The program tracks the flame boundary and estimates the area within the turbulent flame kernel for each frame (Fig. 2 , bottom right). The enclosed area, A(t), is then used to compute the radius of a circle with an equivalent area. This radius is defined as the schlieren radius, r sch (t) = �A(t) π ⁄ . Figure 3a shows the typical evolution of rsch for stoichiometric methane in air at 1 atm, 298 K. Also included is the flame growth history of the same mixture for the laminar case. Whereas a perfectly linear slope that is indicative of constant flame speed (no flame acceleration) is evident in the latter, rsch grows rapidly and nonlinearly for the turbulent cases (four repeats are shown in Fig. 3a) , suggesting varying turbulent flame speeds with time. Also, the data density for the turbulent case was deliberately set to a higher value than typically used for laminar experiments by adjusting the framing rate of the camera. This improvement in temporal resolution reduces errors in the time-derivative estimates required for propagation rates. To determine the turbulent flame speed, the instantaneous turbulent flame speed is first computed by differentiating the radii time history using a central difference technique (Fig. 3b) . A polynomial-regression-based smoothing filter (SavitzkyGolay) is used when computing the derivatives. This filter has been successfully applied to laminar flame speed measurements using high-frequency dynamic pressure traces without the loss of the experimental trend [9] . The turbulent flame speed, ST,0.1, is then estimated by multiplying the instantaneous flame speed with the burnt-to-unburnt gas density ratio, ρ b ρ u ⁄ , obtained from equilibrium flame calculations. The smallest flame size (diameter) that provides meaningful measurements (devoid of ignition-spark effects) is restricted to 2 cm (value determined based on noise in the derivatives at extremely small radii).
The propagation rate increases as the flame grows due to the fact that the developing kernel is affected by an increasing spectrum of velocity scales (symbols in Fig. 3c ) [10] . The effective turbulent intensities (u k ′ ) acting on the flame are also included in Fig 3c. A minimum of three trials was conducted for each test mixture, and a spline average of the displacement speeds over the range of u k ′ was estimated from the repetitions to get a statistical estimate of the experimental scatter (Fig. 3d) . A good collapse of ST,0.1 from four different trials can be seen at various u k ′ . The solid red curve in Fig. 3d is the spline average of the four measurements; uncertainties associated with the average ST,0.1 are also shown.
Experimental scatter is naturally higher for turbulent flame speed measurements than for laminar ones, so several repetitions of the same condition are made to get a statistical estimate of the flame speeds. Details related to the procedure employed by the authors are provided in the thesis of Ravi [11] , but a brief description is given here. Typically, it can be shown that the scatter is unimodal following a normal distribution. For example, the average scatter for methane was ±10 cm/s (at 95% confidence interval). As a comparison, the maximum scatter (pp) was 44 cm/s for experiments performed by a difference group for similar mixtures [12] . Since the initial conditions were different, the data scatter can be normalized by the respective peak flame speeds, ST,max. This calculation yielded ∆/ST,max of 0.13 and 0.30, respectively for methane for the present rig and that of Mandilas et al. [12] . Given the stochastic nature of these experiments, the observed data scatter here is in the same range as that estimated in other fan-stirred bombs. These values support the fact that although there is higher variability for the turbulent case, the scatter is still an order of magnitude lower than the flame speed estimates at each condition. It can thus be concluded that meaningful measurements of turbulent flame speeds are possible using the fanstirred technique in the authors' laboratory. The spherically expanding flame bomb provides global displacement speeds over a range of turbulence levels. The majority of the databases from fan-stirred bombs report a single value for turbulent flame speed (at a particular radius). The choice of flame size is arbitrary and is typically a multiple of the integral length scale [4] . Also, the brush thickness grows as the flame expands. A unified definition accounting for both these effects is yet to be determined. Displacement speeds measured herein are reported over the entire range of ′ instead of at a particular flame size.
TEST MATRIX
Blending hydrogen and hydrocarbon-based fuels is of immense interest to gas-turbine combustor designers. Such a hybrid mixture has the advantage of higher laminar flame speeds at ultra-lean conditions that are outside the leanflammability limits of hydrocarbons. However, the propensity to auto-ignite or to flashback increases as the hydrogen fraction in the blend is increased due to the augmented laminar flame speeds (and hence turbulent flame speeds). These factors provide the motivation to study the combustion characteristics of high-hydrogen-content blends of hydrocarbon mixtures under turbulent conditions.
The primary mechanism of laminar flame speed augmentation of straight-chain alkanes with hydrogen addition is predominantly a kinetic effect through increased concentration of the highly diffusive hydrogen radical [13] . A mechanistic and experimental study on the increased laminar speeds with hydrogen addition to NG2 and CH4 was conducted by the author's laboratory, and can be found elsewhere [14] . In that study, laminar flame speeds of methane/hydrogen and NG2/hydrogen mixtures were measured at elevated pressures and temperatures. The same problem is revisited herein, but under turbulent conditions. The effects of hydrogen addition on the turbulent flame speeds of NG2 (25/75 and 50/50 (by volume) blends of H2/NG2) were investigated. Table 2 shows the relevant properties for all mixtures studied in the present paper. The non-dimensional numbers, namely, Reynolds (Re), Damköhler (Da) and Karlovitz (Ka) numbers were estimated (all based on turbulence velocity (u′) and length scales (LT), and laminar flame properties-flame speed � ,°� , and flame thickness � = ,°⁄ � for all cases). Re remained nearly constant for all mixtures, and a wide excursion of Da is evident (the classical Borghi diagram is shown in Fig. 4 ). Turbulent displacement speeds were estimated as a function of the effective intensity levels acting on the flame. Each condition was repeated three times and yielded an average experimental scatter of ±10 cm/s. Also, results from our earlier work on methane-hydrogen mixtures have been reanalyzed using this new procedure to better aid in comparing natural gas-based mixtures with the methane-based ones. Figure 5 shows the turbulent flame radii for a selection of the various mixtures. Good repeatability is evident for all mixtures investigated. Flame radii growths are highly nonlinear, indicative of accelerating kernels. Furthermore, steeper radius growths are associated with mixtures with higher values of u′/SL. The degree of repeatability and basic trends were seen in the other mixtures not explicitly shown in Fig. 5 (left out for conciseness). Figure 6 presents the resulting turbulent flame speeds, ST,0.1, for all of the mixtures studied herein, designated and Figs. 6a-g. Note that for the leanest mixtures, the variation with radial position is higher (Figs. 6a,b) than for the other cases; this is because of the extreme equivalence ratios. At such φ values, the flames are not spherical due to high uʹ/SL, which results in variations in flame speeds. However, utmost care has been taken by the authors to provide a conservative estimate of such variations; and it has been shown that the experimental scatter observed herein is on the same order or much better than those reported in the literature, as discussed above.
RESULTS
With the exception of Fig. 6g , it is evident from Figs. 6a-f that the flame speeds of NG2 and methane are in close agreement (experimental scatter is ± 10 cm/s) with each other for all equivalence ratios. Close agreement between the laminar flame speeds of NG2 and CH4 was observed when fuel lean, and noticeable differences arose only under fuel-rich conditions with NG2 characterized by higher flame speeds (see Fig. 7 ). The same trends are preserved for the displacement speeds measured herein. This consensus between the two fuels serves as a good benchmark for validating the experimental procedure developed herein. The NG2 mixture with 25% H2 was difficult to ignite and was characterized by localized extinctions for the fuel-rich (ϕ = 1.3) mixture. Note in Fig. 7 that the results are based on the accuracy of the mechanism used to perform the laminar flame speed calculations, namely the mechanism from the National University of Ireland, Galway [15] . Using the typical experimental uncertainties in such measurements as a guide, the accuracy in the predictions would be about ±0.75 cm/s for CH4 [16] and ±7 cm/s for H2 [8] . Fig. 6g , it can be seen that the NG2 and CH4 results are different for this fuel-rich case (while they are very similar for all the others). The difference in flame speed between the neat CH4 and NG2 in rich conditions in Fig. 6g can be explained by the transport properties of the higher order hydrocarbons in NG2. The authors compared the flame speed of the neat parent fuels, ethane and propane in the thesis by Ravi [11] . Briefly, the trends can be attributed to the impact of Lewis number on turbulent flame propagation, where non-unity Lewis numbers may enhance or negatively affect the local burning rate. When Le < 1 (Le >1), the local burning velocity is enhanced (reduced) due to reduced (enhanced) heat loss in the positively curved sections [17] . As a result, for mixtures with Le < 1, the displacement speeds are not only augmented by increased flamelet surface area, but also by the increased local burning rate. These effects explain the higher turbulent flame speeds of the leaner CH4 mixtures which are characterized by Le < 1. Such trends have been documented by others as well, as summarized in Ravi [11] .
In addition, flame speeds of methane and NG2 blends with different levels of hydrogen were also investigated. Three mixtures, namely, 50/50 (by volume) CH4/H2, 50/50 NG2/H2 and 75/25 NG2/H2 were studied. No noticeable differences in the laminar flame speeds between the two parent fuels at different levels of hydrogen addition are apparent (Fig. 7) . However, the 50% H2-addition case in Fig. 7 shows that the predicted laminar flame speed of the CH4/H2 mixture is actually larger than the laminar flame speed of the NG2/H2 mixture, particularly for the rich side. This result at first may seem surprising, but it can be explained through recent, parallel studies by the authors. Mathieu et al. [18] in their numerical study on the effect of hydrocarbons on the laminar flame speeds of H2-based syngas blends showed that the addition of hydrocarbons to the fuel tends to reduce significantly the flame speed; this effect is more pronounced for ethane than for methane, leading to SL,u values that are smaller for similar concentrations and conditions.
More recently, Keesee et al. in their experimental and modeling study contribute this effect to the increased importance of the inhibiting reaction CH3 + H (+M) ↔ CH4 (+M), which contributes to the reduced reactivity of hydrogenbased fuels when hydrocarbons are present [19] . This effect is magnified with ethane relative to methane due to the tendency of the formyl molecule to produce more methyl radicals. Hence, the presence of ethane in the NG2 blend (and surely the other hydrocarbons as well) make the NG2/H2 blend have smaller SL,u than the CH4/H2 blends. This trend carries over to the turbulent flame speeds, as shown in the following paragraphs.
Turbulent displacement speeds for the hydrogen-containing mixtures are shown in Figs. 8a-c. It can be readily seen that the trends associated with the laminar flame speeds are still preserved (for the range of turbulence intensities attained here). Also, it should be pointed out that spherical flames were not observed (difficult to ignite and characterized by localized extinctions) for the fuel-rich (ϕ = 1.3) NG2 mixture with 25% H2, thus resulting in larger experimental scatter relative to other mixtures investigated herein. The experimental scatter for the fuel-rich 75/25 NG2/H2 mixture was slightly higher (close to 15 cm/s). 
DISCUSSION
Although the present work is one of the first to compare the effects of a natural gas blend with pure methane with and without H2 addition, it is useful to make some comparisons with turbulent flame speed data from the literature. Several papers have looked at the effect of hydrogen on methane-air turbulent combustion, including Mandilas et al. [12] ; Fairweather et al. [20] ; Halter et al. [21] ; Littlejohn and Cheng [22] ; Shy et al. [23] ; and Nakahara and Kido [24] , among others. One important result seen in Fig. 8 is the preservation of the chemical kinetic effect of the hydrogen addition (through the laminar flame speed), wherein the flame velocity increases with H2 addition. Similar trends were seen and addressed by others when blending H2 with CH4 [12, 20] .
Several studies have also observed changes in the flame stability and flame brush thickness upon the addition of hydrogen. For example, Halter and coworkers [21] looked at H2 addition to CH4 at levels up to 20% by volume and observed that the average flamelet thickness seemed to decrease and the flame stability increased with hydrogen content. Fairweather et al. [20] studied methane-hydrogen flames in a spherical configuration for H2 levels of 10, 20, and 50% of the fuel blend. They observed a decrease in the Markstein Number (Ma) with increasing levels of hydrogen; they also saw distinct differences between lean and rich mixtures due to thermo-diffusive effects, as seen in the present study as well as in the paper by Nakahara and Kido [24] . Mandilas et al. [12] also observed a decrease in Ma with hydrogen addition, but saw a decrease in the flame stability.
From Fig. 8 for the lean mixtures (Figs. 8a,b) , the turbulent flame speeds for the methane cases are slightly higher than for the NG2 blends with H2 addition. These trends were predicted in a recent paper by the authors; Brower et al. [1] used a standard turbulent flame speed correlation from the literature, which included diffusive effects, to show that the hydrogen addition had a larger effect on flame speed for both the laminar and turbulent cases. Their calculations also showed that the hydrogen had a slightly larger effect on the turbulent flame speed than what could be attributed solely to the chemical kinetic effects via the laminar flame speed.
Referring back to the laminar flame speed calculations in Fig. 7 , the peak SL for CH4 with hydrogen addition were larger than the peak SL for the NG2/H2 blends. While this at first might seem counter-intuitive, this behavior was also seen by Brower et al. [1] . This effect can be attributed to the fact that for SL, the reactivity is chiefly determined by the relative heat input that a certain fuel species contributes. In this case, methane has less of an impact on the heat balance of the overall fuel composition than the natural gas blend and therefore is more affected by the addition of hydrogen [1] .
Ultimately, the data herein are useful for developing a correlation (or multiple correlations) that defines the turbulent displacement speeds for various fuels and fuel blends. Such correlations would be useful as a design tool. A formula to derive reactivity and guidelines to design burners or engine operation concepts would prove valuable. Good examples of such a correlation are the ones derived by Shy and colleagues for lean H2-CH4 flames in air over a very wide range of turbulence intensities [23] and by Fairweather et al. [20] . The development of such a methodology, and comparison with existing turbulent flame speed correlations, is currently underway by the authors. In addition, experiments are planned which will incorporate a wider range of turbulent fluctuation velocities and length scales; the experimental conditions in the flame speed vessel will be fully characterized with Laser Doppler Velocimetry.
CONCLUDING REMARKS
(a) A robust post-processing procedure was established for estimating turbulent flame speeds using the spherical flame geometry. This new procedure represents a significant update from the previous work from the authors' group.
(b) Effective intensity levels were estimated by integrating the kinetic energy spectral density functions. The effective turbulent intensity can be used as a unifying parameter to facilitate comparison amongst various fuels.
(c) Effects of hydrogen addition on the turbulent flame speeds of methane and a natural gas surrogate were studied. To the authors' knowledge, this study represents a first-of-its kind study to investigate turbulent, spherically propagating flames of a natural gas surrogate that closely mimic commercially available fuel blends with significant amounts of higher-order alkanes (C2-C5). (d) Turbulent flame speeds of NG2 and CH4 were identical for the lean mixtures despite the fact that the former contains large amounts of heavier hydrocarbons. The results presented herein have significant implications for gasturbine combustion which operate in lean, premixed
